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The melting behavior, thermal stability, and glass-forming ability (GFA) of
Cu84−xZrxAg8Al8 (x  42 to 50) glassy alloys were investigated. The alloy with x 
46 exhibits the highest reduced glass transition temperature (Trg). However, the best
GFA was obtained for alloy with x  48 corresponding to the largest supercooled
liquid region (Tx) and a deep eutectic composition. At the best GFA composition, full
glassy samples with diameters of over 20 mm could be fabricated by injection copper
mold casting and water quenching without flux. The underlying mechanism of the
unusual GFA of the alloy is discussed.
I. INTRODUCTION
Since the synthesis of bulk glassy alloys in multi-
component Ln-1 (Ln: lanthanide metal) and Mg-2 based
alloys by the copper mold casting method in 1989, much
effort has been devoted to developing new bulk glassy
alloys exhibiting high glass-forming ability (GFA) and
useful engineering properties. As a result, bulk glassy
alloy systems have been extended to Zr-,3,4 Fe-,5 Cu–
Ti-,6 Pd-,7 Ti-,8 Co-,9 Ni-,10–12 Hf-,13 Cu-,14–16 Ca-,17
Pt-,18 and Au-19 based alloys. These bulk glassy alloys
exhibit unique properties such as high strength, large
elastic strain limit, high hardness, good soft magnetic
properties, viscous flow workability in the supercooled
liquid region, and excellent corrosion resistance. These
materials can be used in fine optical machinery parts,
sport goods, magnetic parts, and micromachine parts.
However, to date, large-scale bulk glassy alloys with
critical diameters of over 20 mm have been synthesized
only in Zr-,20–22 Pd-,7 Pt-,18 Mg-,23 and Ln-24–26 based
alloy systems. We also note that only Pd-, Pt-, and Y-
based alloys can be fabricated into large-scale bulk
glassy samples by water quenching, which is a simple
method for preparing bulk glassy alloys.
The compositions of all the glassy alloys with high
GFA are typically close to the deep eutectic composition,
which has been shown to have a theoretical basis.27 The
resulting low liquidus temperature (Tl) is attractive for
optimizing bulk glassy alloy compositions since the re-
duced glass transition temperature (Trg = Tg/Tl, Tg: glass
transition temperature) and  value [ = Tx/(Tg + Tl), Tx:
crystallization temperature] are important parameters for
GFA.27,28 However, all glass-forming alloys that have
the highest GFA do not always lie at the eutectic point.
Tan29 and Zhang30 have reported that the optimum glass
formation for Ln-based alloys is located at off-eutectic
compositions.
Recently, we have reported that Cu–Zr-based
Cu84−xZrxAg8Al8 (x  42 to 50) alloys exhibit large Trg
and  values as well as large supercooled liquid region
(Tx  Tx − Tg), enabling the formation of bulk glassy
alloy rods with diameters of 10–15 mm by copper mold
casting.31 However, the reason for the quaternary alloys
with high GFA remains unclear. In addition, there is no
definite determination on the most optimum glass
formation alloy in this system. This work aimed to ex-
amine the melting behavior, thermal stability, and GFA
of Cu84−xZrxAg8Al8 (x  42 to 50) glassy alloys, to
determine the best GFA composition and to investigate
the domination factor for high GFA in this alloy series.
II. EXPERIMENTAL
The alloy ingots were prepared by arc melting mix-
tures of pure (>99.5 mass%) Cu, Zr, Ag, and Al metals in
an argon atmosphere. The ingots were remelted four
times to ensure chemical homogeneity. The mass losses,
measured for all ingots after melting, were less than
0.1 mass%. Glassy alloys were produced by injection
copper mold casting for rod samples with diameters of
10–30 mm and by melt spinning for ribbon samples with
a cross section of about 0.02 mm × 1.0 mm. Bulk glassy
alloys were also produced by water quenching the molten
ingots without flux in vacuumed fused quartz tubes with
an inner diameter of 10–25 mm. The glassy phase was
identified by x-ray diffraction (XRD), and the thermal
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stability was characterized by differential scanning calo-
rimetry (DSC) at a heating rate of 0.67 K/s. The melting
and liquidus temperatures were measured with a dif-
ferential thermal analyzer (DTA) at a heating rate of
0.33 K/s. The microstructure of the samples was deter-
mined by optical microscopy (OM) and scanning elec-
tron microscopy (SEM). OM and SEM observation
was conducted on samples that were etched for 2–5 s at
298 K in a 0.5% aqueous fluoride acid solution.
III. RESULTS AND DISCUSSION
Figure 1 shows the DTA curves of the Cu84−xZrxAg8Al8
(x  42 to 50) glassy alloys. The melting temperature
(Tm) and Tl are marked with arrows. It can be seen that
the Tl and the melting behavior of the alloys are affected
significantly as the composition shifts to the Zr-rich
range. Multiple events are observed during the melting
of the alloy with x  42, indicating that this alloy is
far from the eutectic composition. Tl decreases with
increasing Zr content from x  42 to 48, and the
Cu36Zr48Ag8Al8 alloy exhibits the lowest Tl, the narrow-
est temperature interval between Tm and Tl (see Table I),
and only a distinct and symmetrical endothermic peak.
When the Zr content is further increased to 50 at.%, Tl
increases, while the single endothermic peak becomes
asymmetrical. Those results indicate that the alloy
Cu36Zr48Ag8Al8 is located at a deep eutectic point, and
the other alloys are off-eutectic compositions in this qua-
ternary alloy series. From Table I, it can be seen that the
alloys with compositions shifting to the Zr-rich range
show larger Trg, , and Tx values, indicating the higher
GFA of the alloys. Although Cu36Zr48Ag8Al8 has a eu-
tectic composition and largest Tx, it does not have the
highest Trg. The alloy with x  46 possesses the highest
Trg value of 0.604.
We examined the formation tendency of a glassy
phase for arc-melted Cu84−xZrxAg8Al8 (x  44, 46, 48)
alloy ingots. Figure 2 shows optical micrographs of the
cross-sectional area of the alloy ingots. The crystalline
phases are clearly observed in the bottom surface region,
which is in contact with the copper hearth in all ingots,
and in the top region marked with arrows in the alloy
ingots with x  44 and 46. However, no dark contrast
resulting from crystalline phases is observed on the top
side in the alloy ingot with x  48. In addition, the XRD
pattern is identified to be a single glassy phase at the top
side, as seen in Fig. 2(d). It also can be seen that the area
ratio of crystalline phases in the bottom surface region of
the ingot with x  48 is much lower than those of the
other ingots. These results indicate that the alloy with
x  48 possesses a higher GFA.
We investigated the GFA of the alloys produced by
injection copper mold casting. All the Zr-rich alloys
showed a higher GFA, and their critical diameter (dc) for
obtaining a full glassy sample was above 15 mm (see
Table I). The alloy Cu36Zr48Ag8Al8 exhibited the highest
GFA, and its dc reached 25 mm. We also investigated the
GFA of Cu36Zr48Ag8Al8 alloy produced by water
quenching in no flux melting condition. Figure 3 shows
the outer shape and surface appearance of the alloy
samples with diameters of 16 and 20 mm. The surfaces of
the rod samples did not exhibit a metallic luster because
the surface reacted slightly with the quartz tube. How-
ever, all the surfaces were smooth, and neither protuber-
ances nor cavities were observed. The XRD patterns,
which were taken from near the center of the cross-
section of the rods, consisted of only a broad peak, in-
dicating that a single glassy phase was formed (see
Fig. 4). A further increase in the sample diameter to
25 mm results in the precipitation of crystalline phases
with CuZr2, AlCu2Zr, AgZr2, and unknown phases.
Thus, it is concluded that the critical sample diameter for
FIG. 1. DTA curves of Cu84−xZrxAg8Al8 (x  42 to 50 at.%) glassy
alloys.
TABLE I. Summary of the thermal parameters and the critical sample diameters of the Cu84−xZrxAg8Al8 (x  42 to 50) glassy alloys.
Alloys (at.%) Tg (K) Tx (K) Tm (K) Tl (K) Tl − Tm (K) Trg  dc (mm)
Cu42Zr42Ag8Al8 705 75 1082 1213 131 0.581 0.407 12
Cu40Zr44Ag8Al8 693 98 1076 1176 100 0.589 0.423 15
Cu38Zr46Ag8Al8 692 103 1073 1145 72 0.604 0.433 20
Cu36Zr48Ag8Al8 683 108 1094 1142 48 0.598 0.433 25
Cu34Zr50Ag8Al8 680 100 1097 1148 51 0.592 0.427 15
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formation of the glassy phase lies between 20 and 25 mm
in the case of the water quenching process. Based on a
simple relationship between the maximum thickness of
the glassy alloys and the critical cooling rate suggested
by Lin et al.,6 the critical cooling rate of Cu36Zr48Ag8Al8
for glass formation is estimated to be 6.4 K/s or less.
Usually, the critical diameters of glassy alloys are
greatly influenced by the preparation method. The
Zr55Al10Ni5Cu30 alloy has been reported to form the
glassy rod with a diameter of 30 mm using a suction
casting or cap-cast method.20,22 However, no glassy alloy
rod with a diameter of 20 mm was formed by using
injection copper mold casting and water quenching.
Thus, the GFA of Cu36Zr48Al8Ag8 alloy is higher than
that of Zr55Al10Ni5Cu30 alloy, though its maximum





From Table I, it can be noticed that the GFA of the
alloy series strongly depends on the Zr (or Cu) con-
tent: a change in Zr content by only 2 at.% significantly
increases (or decreases) the dc, and the best GFA is ob-
tained for Cu36Zr48Ag8Al8, which is located at a deep
eutectic composition. This suggests that the unusual
GFA is related to the eutectic composition as well as the
stability of supercooled liquid. It is well known that al-
loys with compositions around the deep eutectic have
high GFA in any given system. A deep eutectic means
that the liquid has the highest stability against crystalli-
zation. Thus, the present high GFA is greatly favored
thermodynamically. In addition, from the viewpoint
of kinetics, the quaternary eutectic alloys consist of mul-
tiple ordered phases competing with each other, and
crystallization of the liquid requires the simultaneous
FIG. 4. XRD patterns of water quenched Cu36Zr48Ag8Al8 alloy
samples with diameters of 16, 20, and 25 mm. The data of the melt-
spun ribbon are also shown for comparison.
FIG. 5. Cross-sectional structure in the central area of water quenched
Cu36Zr48Ag8Al8 alloy sample with a diameter of 25 mm.
FIG. 2. Optical micrographs and XRD pattern of the cross-sectional
area of the arc-melted Cu84−xZrxAg8Al8 [x  (a) 44, (b) 46, (c, d) 48]
ingots.
FIG. 3. Image of the water quenched Cu36Zr48Ag8Al8 samples with
diameters of 16 and 20 mm.
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rearrangement of different species of atoms, which sig-
nificantly suppresses the kinetics of crystallization proc-
ess, leading to the enhancement of the glass formation32
and the increase of Tx.
33
We also examined the solidified structure of
Cu36Zr48Ag8Al8 by SEM. Figure 5 shows the cross-
sectional structure in the central region of the water-
quenched rod with a diameter of 25 mm. A eutectic struc-
ture consisting of CuZr2, AlCu2Zr, AgZr2, and other un-
known phases (see Fig. 4) are observed in the cross
section except for the surface region. The eutectic struc-
ture is very uniform and fine, the average spacing of the
eutectic structure is less than 500 nm. These results sug-
gest that solidification of the eutectic structure occurs via
homogeneous nucleation and nuclei growth at a limited
rate. This solidified mode of the eutectic alloys also pro-
motes glass formation.
Table II lists the critical diameters, preparation
method, supercooled liquid region, and mechanical prop-
erties of bulk glassy alloy systems with critical diameters
above 20 mm. Compared with other alloys with high
GFA, the Ni-free glassy Cu36Zr48Ag8Al8 alloy has a
lower alloy cost, simple preparation procedure, and a
combination of high corrosion resistance,34 large Tx,
and excellent mechanical properties, and thus may enable
useful engineering and biomedical applications in the
near future.
IV. CONCLUSION
Cu84−xZrxAg8Al8 (x  42 to 50 at.%) alloys exhibited
extremely high GFA, and full glassy alloy rods with di-
ameters above 12.0 mm were obtained by injection cop-
per mold casting. The best GFA was obtained for the
Cu36Zr48Ag8Al8 alloy, and the critical diameter achieved
by injection copper mold casting and water quenching
without flux was over 20 mm. The unusual GFA of this
alloy was attributed to the deep eutectic composition, at
which solidification occurs via homogeneous nucleation
and limited growth rate of the nuclei.
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